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Introduction
The Tremont Barrel Fill (Operable Unit) site is about 1.5 miles from Tremont City, Clark County, Ohio ( fig. 1 ). Within the 8.5-acre Barrel Fill site, approximately 51,500 drums and 300,000 gallons of uncontained industrial liquid wastes and sludge were disposed of in unlined waste cells from 1976 through 1979 (Haley and Aldrich, 2006) . On the basis of prior investigations, the U.S. Environmental Protection Agency (USEPA) concluded that there is a potential future risk to human health and the environment, if contaminants move to underlying regional water-supply aquifers (U.S. Environmental Protection Agency, 2011). The U.S. Geological Survey (USGS) in cooperation with the USEPA estimated the degree of interconnection between the sand and gravel aquifer and the underlying limestone aquifer beneath the site. (Sheets and Yost, 1994, fig. 1 ).
The USEPA Hazardous Ranking System (HRS) can be used to classify two adjoining aquifers as interconnected if the values of transmissivity (T) and horizontal hydraulic conductivity (K h ) of both aquifers are within two orders of magnitude and there are no continuous intervening materials of significantly lower K h (for example, more than two orders of magnitude lower) (U.S. Environmental Protection Agency, 2011). This classification is supported by the hydrologic principle that similar hydraulic conductivity will result in preferential flow of water in geologic material of higher hydraulic conductivity and limited flow in geologic materials of lower hydraulic conductivity (Focazio and others, 2002) .
Prior hydrogeologic investigations beneath and near the Barrel Fill site (Eagon and Associates, 1994; Voight and others, 2002; Haley and Aldrich, 2006) focused primarily on the unconsolidated deposits and provided no information on the limestone aquifer.
Therefore, the only data available to assess the potential for hydraulic interconnection between the sand and gravel aquifer and the limestone aquifer are from logs of residential wells drilled within a 2-mile radius from the Barrel fill site. Assessing the hydraulic interconnection between these aquifers is required to determine potential groundwater and contaminant flow pathways between the aquifers and potentially to the Mad River Valley aquifer.
A hydraulic interconnection between the sand and gravel and limestone aquifers has already been considered for the area from a previous investigation by Dumouchelle (2001) , who published a map of the groundwater potentiometric surface of the limestone aquifer in Clark County using a combination of wells opened to the sand and gravel aquifer and the underlying limestone aquifer. Water elevations that are relatively similar between two aquifers are an indication that the aquifers are interconnected. Dumouchelle explained that if hydraulic connection between these aquifers was minimal, then water levels in glacial sediments should differ notably from water levels in bedrock. The study examined wells screened in the bedrock and wells screened in the sand and gravel. Areas of the study relevant to the present investigation of the Barrel Fill site included southwest of the site near the town of North Hampton, and northwest of the site near the landfill along Willow Dale Road ( fig. 1 ). The water levels from each area were within 5 feet (ft) of each other, which was in the margin of error of the estimated land-surface altitude (+/-5 ft). Therefore, Dumouchelle concluded that the two aquifers were interconnected, and the water levels from wells completed in both aquifers were used to create the potentiometric-surface map and to interpret groundwater flow directions.
Purpose and Scope
This report assessed the vertical hydraulic interconnection between two aquifers underlying the Barrel Fill site near Tremont City, Ohio by evaluating the values of T and K h derived from well-construction and testing data of 127 nearby residential wells tapping into the aquifers. The estimated hydraulic values from each aquifer are compared to determine the degree of aquifer connectivity, as based on the USEPA Hazard Ranking System (1992).
Geology
The geologic units of interest to this investigation consist of (1) the basal fractured limestone/dolomite of the Niagara Formation of Silurian age (Norris and others, 1952; Vormelker and others, 1995) , (2) the directly overlying deep alluvial outwash deposits of Wisconsinan sand and gravel, and (3) the younger but related end moraine deposits (Norris and others, 1952) of till with thin interbedded sands (Haley and Aldrich, 2006) in upland areas near the Barrel Fill site. Regionally, the limestone deposits are about 170 ft thick, and the bedrock surface is hummocky, weathered, and fractured. The sand and gravel deposits filling in the undulating bedrock surfaces range in thickness from less than 5 ft to as much as 80 ft. The till deposits with thin sand beds are about 100-200 ft thick in the vicinity of the Barrel Fill site. East of the site, the limestone formation was deeply incised during an Illinoisian interglacial period ( fig. 2) . The resulting Mad River Valley, which is greater than 200 ft deep in places, is filled predominately with sand and gravel deposited by the Wisconsinan glacial meltwater (Norris and others, 1952) . General schematic of geologic sections depicting the Silurian-age limestone/dolomite deposits incised by the Mad River Valley and infilled with sand and gravels (valley-fill deposits) (modified from Sheets and Yost, 1994, fig. 2 ).
Hydrology
Groundwater flow direction in the sand and gravel aquifer is generally from west to east beneath the Barrel Fill site and proposed Clarkco Landfill and from southwest to northeast beneath the Tremont City Landfill, toward the Mad River Valley aquifer (Eagon and Associates, 1994; Haley and Aldrich, 2006) . The Mad River Valley aquifer is about 4 miles (mi) east of the Barrel Fill site and is a major groundwater source for Tremont City ( fig. 1 ). The Mad River Valley aquifer receives a majority of its groundwater as lateral and upward flow from the adjacent limestone aquifer ( fig. 2) (Sheets and Yost, 1994) . Figure 3 The deep sand and gravel aquifer has an estimated K h of 42.5 feet per day (ft/d), as estimated from aquifer tests of within wells at the Barrel Fill site (Eagon & Associates, 1994) . The K h of the limestone aquifer is 39.7 to 93.5 ft/d, as estimated during studies focused outside of the vicinity of the Barrel Fill site in surrounding counties (Norris and others, 1952; Sheets and Yost, 1994; Vormelker and others, 1995) and from textbook tables (Freeze and Cherry, 1979) .
Methods
Aquifer interconnection is the hydraulic communication between two adjoining aquifers. For this study, the USGS assessed the degree of aquifer interconnection between the sand and gravel and the limestone aquifers by using the USEPA Hazard Ranking System (HRS). Under the HRS, aquifers can be considered interconnected if the representative values of K h of the adjacent aquifers are within two orders of magnitude.
For this study, the USGS used data that were collected during well-efficiency tests (also referred to as specific-capacity tests) performed by individual drillers following well installation for residential supply wells within 2 miles of the Barrel Fill site. Data from slug tests and constant-discharge tests of monitoring wells within the Barrel Fill site, completed by Haley and Aldrich and by Eagon and Associates, were compared with the T and K h estimated from the specific capacity method. These pumping rate and water-level drawdown data from these tests were used to derive estimates of the T and K h of the two aquifers. The T and K h are measurements of the rate of groundwater flow through a unit width aquifer under a unit hydraulic gradient (Fetter, 1994) . Transmissivity has been shown to be a vertical average of hydraulic conductivities (Senior and Goode, 1999) .
Well-construction logs provide data that essentially represent a simple aquifer test performed by the well driller. The data collected were the pumping rate (in gallons per minute) and resulting drawdown from static level during pumping (in feet). The pumping rate was divided by the drawdown to obtain the specific capacity, which is a measurement of well yield (Fetter, 1994) . Specific capacity data are frequently used to estimate T when other types of aquifer tests are not available (Razack and Huntley, 1991; Huntley and others, 1992; Fetter, 1994) . Specific capacity is the yield, or discharge (Q), of a direct measurement of the capacity of the well and it is dependent upon the hydraulic properties of the aquifer to which the well is open (Risser, 2010) , but it also reflects the characteristics of the well. Wells screened within a formation (or aquifer) that have a greater K h generally will have a greater specific capacity. The specific capacity of a well is greatest when the well is initially drilled and installed. Over time, the specific capacity decreases as a result of siltation, biofouling, and water-level fluctuation (Brown and others, 1999) . Therefore, the specific capacity data is from when these wells were first installed and are considered to most accurately represent aquifer T and K h . However, several data limitations exist and should be understood when using this type of data to estimate T and K h . First, these tests were not completed by the USGS and were completed by over 50 different well drillers over many years. Variations in the accuracy of the tests, water level measurements, and pumping rates can result. Furthermore, there is no control on the quality assurance. For example, it is not known whether the driller developed the well before conducting the well-efficiency test, or if the driller continued to develop the well concurrently while performing the well-efficiency test. This may have some effect on the calculated hydraulic conductivities.
Well-construction logs were obtained from the Ohio Department of Natural Resources Division of Soil and Water Website Application, ERiN (2014) . The application generates a report of all the wells located within an area of interest. A 2-mile buffer zone was selected from the center of the Barrel Fill site. The application identified over 220 residential wells within the buffer zone. Only wells with pumping data and drawdown information were selected for this study. A total of 127 residential wells located within a 2-mile radius of the Barrel Fill site ( fig. 4) were analyzed for this analysis of aquifer hydraulic interconnection. Figure 5 is a general distribution of wells open to the limestone and sand and gravel aquifers. All necessary construction and hydraulic property data for these wells are provided in the Appendix. From specific capacity data, T was calculated for the wells open to the sand and gravel aquifer by using the empirical relation developed by Razack and Huntley (1991) The empirical relation developed by Razack and Huntley (1991) to compute estimates of T from specific capacity test data is one of the only methods developed that accounts for turbulent well loss. The Razack and Huntley relation is a log-log transformed best-fit regression line equation for a large heterogeneous alluvial aquifer to predict transmissivity based on specific capacity data at a 90-percent prediction interval. The prediction interval spanned more than one order of magnitude, which is within the two orders of magnitude used in the aquifer interconnection evaluation but which otherwise yields generalized estimates of T. Calculated T values are compared to T values obtained from aquifer tests at the Barrel Fill site for the sand and gravel aquifer (Eagon and Associates, 1994; Haley and Aldrich, 2006) . (2) where T = transmissivity (ft 2 /d), Q = pumping rate (ft 3 /d), and s = drawdown (ft).
BF
The empirical relationship developed for fractured rock is a log-log transformed best-fit regression line for a fracture-rock system. The 90-percent prediction interval is a 1.1 log cycle, indicating that predicted transmissivities based on specific capacity have a large range of more than one order of magnitude, which is within the two orders of magnitude used in the aquifer interconnection evaluation, but otherwise yields generalized estimates of T. There are no local transmissivity values for the limestone aquifer to compare with this method.
Horizontal hydraulic conductivity is calculated from the equation K h =T/b. This equation is often applied when the saturated thickness (b) of an aquifer is known and when T is calculated from traditional aquifer tests. In this case, the rate of pumping or discharge (Q) used when performing a well-efficiency test is often very low and is applied for only for 2 to 3 hours, as opposed to an aquifer test that withdraws large quantities of groundwater for at least 8 to 24 hours. The difference in the rate of pumping will affect the radius and depth of impact within the aquifer. Therefore, the thickness (b) of the saturated aquifer affected by the much smaller pumping rate from the well-efficiency tests is substantially reduced and is presumed to be within the limit of the well screen or open hole (Heath, 1983) .
Well logs from the sand and gravel aquifer noted more wells with screens than did the well logs from the limestone aquifers. The difference between the two sets of data implicitly skews the sand and gravel aquifer to have a higher K h . Because the sand and gravel well logs had limited information on screen length and formation thickness, and the limestone well logs (generally) had sand and gravel formation thickness, the thickness (b) of the sand and gravel aquifer was estimated from the well logs from the limestone wells. Also, because the limestone wells were not collocated with the sand and gravel wells; the geometric mean of the sand and gravel formation thickness (10 ft) was used as b for each of the sand and gravel wells. The openhole information from the limestone well logs was used to estimate the thickness (b) for each of the limestone wells.
Computed Aquifer Characteristics
There are 57 wells open to the sand and gravel aquifer within a 2-mi radius of the Barrel Fill site. The geometric mean, arithmetic mean, maximum value, and minimum value for specific capacity, T, and K h are presented in table 1 for the sand and gravel aquifer. The table also includes the values of T and K h from reported sand and gravel aquifer (constant discharge or slug) tests. Eagon and Associates, 1994 There are 70 wells open to the limestone aquifer within 2 mi of the Barrel Fill site. Table  2 presents the statistical data for the specific capacity, T, and K h . The estimated values of K h (shaded) also are compared to those of other studies referenced in Vormelker and others (1995) . 
Evaluation of Aquifer Interconnection
As estimated, the geometric mean values of transmissivity (T) and horizontal hydraulic conductivity (K h ) of the sand and gravel and limestone aquifers fall within the standard of two orders of magnitude or less and are considered to be interconnected according to a classification method in the USEPA Hazard Ranking System (1992). The arithmetic mean, maximum, and minimum values for T and K h also fall within two orders of magnitude.
The specific capacity values of the two aquifers are within the same order of magnitude, with the geometric mean of specific capacity generally highest in the sand and gravel aquifer. The maximum specific capacity of the sand and gravel aquifer is one order of magnitude greater than the maximum specific capacity of the limestone aquifer. The minimums for each aquifer are within the same order of magnitude. There were no specific capacity data collected for monitoring wells located in the Barrel Fill site.
The empirical relation method estimated the T of the sand and gravel aquifer to be two orders of magnitude greater than that of the limestone aquifer. Transmissivity was underestimated when compared to Barrel Fill aquifer test results from monitoring wells and pumping wells within the Barrel Fill site, indicating that the sand and gravel aquifer might have a higher K h than that estimated from specific capacity data. The range of T values is within one order of magnitude of the limestone aquifer.
The K h of the sand and gravel aquifer is also one order of magnitude greater than that of the limestone aquifer. Values of K h estimated from other studies outside the Barrel Fill site and Clark County have shown K h to be within the same range of that estimated from the aquifer tests at the Barrel Fill site (Norris and others, 1952; Sheets and Yost, 1994; Vormelker and others, 1995) . The K h of the sand and gravel aquifer is within two orders of magnitude of the limestone aquifer for the entire 2-mi radius of the Barrel Fill site and within one order of magnitude at the site.
Summary
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